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Deleterious gases such as CO angSHan cause degradation of steel by reacting with the metal surface.
Here we consider whether alloying the steel surface might be able to inhibit these damaging surface reactions
by raising the barriers to molecular dissociation. We employ first-principles density functional theory techniques
to investigate the elementary reaction pathways and barriers for CO &hdrH-eAl and FsSi surfaces and
compare them with pure Fe surfaces (as a model for steel). We find fatlidsociates on iron surfaces

much more easily than CO does. Although FeAl surfaces raise the barriers,$odisisociation, they
significantly lower the barriers for CO dissociation. On the other hanghiFurfaces raise the barriers for

CO dissociation, but they are as vulnerable as Fe surfacesSadldsociation. Our findings suggest that
alloying iron with Al or Si is unlikely to simultaneously increase its resistance to the initial stages of chemical
degradation by CO andJ3.

1. Introduction hydrogen atoms on transition-metal surfaces, those hydrogen
atoms can also embrittle metals such a$fe.

In some special cases of metal erosion/corrosion, both CO
and HS are present in the gas phase, e.g., in the propellant
gases from a gun firing® In the making of gun barrels,
electroplated Cr is used to protect the steel substrate. However,
the electroplating process produces Cr coatings that have
microcracks. These microcracks grow and propagate to the
substrate metal during operation, allowing those deleterious
gases to travel along those cracks, subsequently attacking the
'substrate. Both iron sulfide and iron carbide are observed as
erosion product&? Here we explore the possibility of designing
an alternative thin film coating for steel with various ferrous
intermetallic compounds. To survive harsh conditions, the
ntermetallic compound should be stable from room temperature
to a relatively high temperature (e.g., 13@), and the alloying
element should not be a known embrittler of steel. Moreover,
this element should not be so prone to reaction with CO or
S'S-containing molecules. This element optimally would form a
protective oxide scale when the ferrous intermetallic compound
is exposed to air. From these considerations, we arrived at two

andidate compounds to investigate: FeAl angSke

The deterioration of structural metals due to corrosion incurs
great cost to the economy. Investigating the-gagtal chem-
istry involved will help characterize the problem and ultimately
help design more corrosion-resistant structural materials. Among
the deleterious gases for structural metals, carbon monoxide
(CO) and hydrogen sulfide @$) are among the most notorious.
CO is the main culprit for two high-temperature steel corrosion
phenomena: carburization and metal dus#Agoth processes
start with CO adsorption and dissociation on steel surfaces
followed by C ingress into the steel lattice. Carburization
happens at a relatively high temperature800 °C) with the
formation of internal carbides, which are brittle and can cause
cracks in the steel substrate. Metal dusting is generally observe
between 350 and 90T with a relatively high C activity, which
shifts the chemical equilibrium toward graphite formation.
Although metal dusting is preceded by carbide formation, those
carbides are not stable and decompose to fine metal particle
and graphite (or other forms of carbohfrormation of surface
layers of cementite, BE, with its lower melting point (com-
pared to steel) may also result in melting of the steel surface.

Those metal particles or molten cementite can easily be washe Industrial demand for lightweight structural materials for high-

away by the gals.stream, causing erosion of steel, . temperature applications has driven the interest in the research
Gase§ containing 43 attack structural metals suc_:h as iron 504 development of intermetallic compourté&eAl- and Fe-
aggressively. Due to favorable bulk thermodynamics and the gj hased alloys have been shown to possess good corrosion
relatively weak H-S bond, the barriers for #3 dissociation  (egistance against carburization and sulfidatfoR® This re-
on transition-metal surfaces are usually very sthdllThis leads ~ gigtance is thought to originate from the thin oxide scale formed
to fast sulfur deposition on metal surfaces and subsequent sulfidey, the alloy surfaces. We consider here the possible use of FeAl
formation. Sulfur can also cause the embrittlement of transition . FeSi as a thin film coating on steel. Then, an oxide scale of
metals such as Ni and FeMoreover, since b5 deposits its  51ymina or silica may be able to protect the alloy coating in

oxidizing environments. However, in some industrial applica-

* Corresponding author. Phone:1-609-258-5391. Fax:+1-609-258-  tjong, the gas environment is reducing in nature, and the oxide
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alloy. In this work, we will address how the alloy surfaces will  since it is generally small<0.05 eV/cell). Only the top two
respond to the presence of both CO angSHunder such layers of the five substrate layers are allowed to relax, together
conditions. with the adsorbate layer. The bottom three layers are kept fixed
Although molecular adsorption and subsequent surface chem-in bulk positions to represent the semi-infinite bulk crystal
istry are well studied for elemental metal surfaces, chemistry beneath the surface. Allowing the middle layer of the substrate
on intermetallic surfaces is less well explored. With first- to relax only changes the total energy of the slab~t&ymeV.
principles density functional theory (DFT) techniques, we have When the maximum force acting on each of the relaxed atoms
studied the adsorption and dissociation of CO an8 bin pure drops below 0.01 eV/A, the structural relaxation is stopped. In
Fe surface$>17 In the present work, we compare those findings this work, we study the surface chemistry of CO angbHn
with the chemistry of CO and #$ on the Fe-alloy surfaces the low coverage regimef(= 0.125-0.25 ML). We use a
formed from the Fe intermetallic compounds FeAl andSte k-mesh for a surface cell that yieldskaoint spacing of~0.03
We first identify the site preference for CO, HS;$ and their (27/A) or smaller and that converges the adsorption energy to
constituent atoms on low-index surfaces of&ieand FeAl. We within 0.02 eV/adsorbate.
then characterize pathways for dissociation of these molecules, The Climbing Image Nudged Elastic Band (CI-NEB)
including activation barriers, and compare them with those on method®3°is used to locate minimum energy paths (MEPSs)
pure Fe surfaces. and transition states. An interpolated chain of configurations
The paper is organized as follows. In section 2, we outline (images) between the initial and final positions are connected
the calculational details. Results for the bulk and surface by springs and relaxed simultaneously to the MEP. With the
properties of FeAl and E8i are presented in section 3.1. We climbing image scheme, the highest-energy image climbs uphill
then show the results for adsorption in section 3.2 and to the saddle point. We use the same force tolerance for the
dissociation in section 3.3. The surface chemistry and effects transition-state search as used for structural relaxations. Typi-
of alloying are discussed in section 3.4. We summarize and cally, we first use the normal NEB method ferl0 iterations

conclude in section 4. (ionic steps) to roughly converge the MEP; then we switch on
the climbing-image algorithm. After~50 more iterations, we
2. Calculational Details can converge both the MEP and TS to the preset force tolerance.

Vibrational frequencies of adsorbates on surfaces are deter-
mined by diagonalizing a finite difference construction of the
Hessian matrix with displacements of 0.02 A (only allowing
adsorbate atoms to move). The natures of the relaxed adsorbate
configurations and the saddle points found by the CI-NEB
method are characterized by vibrational frequency analyses,
where the presence of one imaginary frequency indicates a
transition state has been found, whil@ imaginary frequencies
indicates a higher-order saddle point. The absence of imaginary
frequencies is associated with a true minimum on the potential
energy surface.

We also use calculated frequencies at the adsorption minima
and transition states to estimate the zero-point energies (ZPE)
at those configurations. We found that including ZPE lowers
reaction barriers by 0.08 eV or less. Similarly, the resulting
changes to the adsorption energies due to ZPE are found to be
<+40.08 eV (per CO or kB). Since these changes are relatively
small compared to other errors in the calculations and do not
affect the general conclusions from the present work, we do
not report ZPE corrections to the energetics.

We perform first-principles calculations based on density
functional theory (DFT}81°The Vienna Ab Initio Simulation
Package (VASHE92lis used to solve the KohrSham equations
with periodic boundary conditions and a plane-wave basis set.
Here we employ Blohl's all-electron projector augmented wave
(PAW) method?? as implemented by Kresse and JouBeért,
within the frozen core approximation. We use the generalized
gradient approximation (GGA) of PBE for the treatment of
electron exchange and correlati®rSpin-polarized calculations
are employed for Fe and §=i systems (bulk and surface), while
nonspin-polarized ones are employed for FeAl systems, as
explained further in section 3.1.

We use a kinetic energy cutoff of 400 eV for all the
calculations, which converges the total energy-tomeV/atom
for the primitive unit cells of bulk Fe, FeAl, and §&. The
Monkhorst-Pack schenté is used for thek-point sampling.
The first-order MethfesselPaxton methotf is used for the
Fermi surface smearing, with a width of 0.1 eV in order to obtain
accurate forces. An equilibrium lattice constant of 2.834 A is
used for ferromagnetic bcc Fe, as we obtained earlier with a
convergedk-mesh of 15x 15 x 1527 This lattice constant

agrees well with the experimental value of 2.8688Bulk and 3. Results and Discussion
_surfacg properties for FeAl and & are shown and discussed 3.1. Bulk and Surface Properties of FeAl and FgSi. The
in section 3.1. ground state of bulk Fe is the body-centered-cubic (bcc)

To model gaseous CO,2B, HS, and C, O, H, and S atoms,  ferromagnetic (FM) phase. In our earlier work, we explored the
we place a molecule or atom in a 10-A cubic box. We perform various phases of Fe with PAW-DFT-GGA and compared the
a nonspin-polarized calculation for CO and3 but spin- results with experimerf. Good agreement is obtained for the
polarized calculations for open-shell C, O, HS, H, and S, where |attice parameter, local magnetic moment, and bulk modulus
the valence electron configuration used for C, O, and S atomsof hcc FM Fe. The structures of FeAl andsBeare related to
is approximately théP ground state (spin-polarized DFT “wave  bcc Fe. We present their structural properties next.
functions” are slightly spin-contaminated). Good agreementwith 3 1.1, Bulk FeAl and FsSi. FeAl has a CsCl (B2) type of
experiment is achieved for molecular geometries, vibrational structure, that is, one Al atom replacing Fe at the cubic center
frequencies, and bond dissociation energtes. of bcc Fe (see Figure 1). Although magnetic susceptibility,

We employ a five-layer slab with a 12-A thick vacuum layer Mdassbauer, and nuclear magnetic resonance measurements
between periodic images to model all the surfaces and putindicate that perfectly ordered, stoichiometric FeAl is nonmag-
adsorbates on one side of the slab; this produces a small dipolenetic in naturédl-32an FM ground state is found by DFT (both
due to the dipole of the molecular adsorbate itself and to chargeLDA and GGA) with a local magnetic moment 6f0.7 ug for
transfer between the adsorbate and the metal surface. HoweverfFe33 This FM state is only slightly lower in energy (7 meV/
we did not bother with a dipole correction to the total energy atom) than the nonmagnetic (NM) state. Since the FM and NM
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(110)
[001]

Figure 2. High-symmetry adsorption sites on (a) Fe(110)=10T,
2= SB, 3= TF, and 4= LB; (b) FeAl(110): 1= OT-Fe, 2= OT-Al,

3 =SB, 4= TF-2Fe, 5= TF-2Al, 6 = LB-2Fe, and 7= LB-2Al; (c)
SB—FeSi, 6= TF—FeSi, 7= TF-2Fe, 8= TF-3Fe, 9= LB-4Fe, 10
| = LB-2Fe, and 11= LB-FeSi. (Large circles are surface atoms, and
small ones indicate adsorption sites. FosStethe A-type Fe is denoted
as a white circle and the B-type as a black circle. ©Bn-top, SB=
) " short-bridge, LB= long-bridge, and T 3-fold.)
(100) e T ® T 3.1.2. FeAl and FsSi SurfacesWe consider low Miller-index
FeAl and FgSi both belong to the bcc framework, (110) will
be the closest-packed surface. The surface energy of Fe(100) is
40 i
Figure 1. Bulk and surface structures of Fe, FeAl, and$ieFe atoms (1.10)’ SO we also ConS|der_ (100) surfaces for FeAl angSike
are in black, Al in gray, and Si in white. Figure 1 displays bulk-terminated (110) and (100) surfaces for
TABLE 1: Comparison of DFT Predictions with (with low-energy electron diffraction and Auger electron
Experimént for Bulk Properties of FesSi: Lattice Parameter spectroscopy) show that Al and Si tend to segregate on Fe
v v " the bulk-terminated surfaces for simplicity. We note that some
Fe' B Fe A Si bulk-terminated surfaces are indeed obtained experimentall
a(d) B(GPa) (us)  (ue) (uo) g Y

F&Si(110): 1= OT-FeA, 2= OT-Si, 3= OT-FeB, 4= SB-2Fe, 5=
surfaces, since they are the most likely to be exposed. Because
° T 2 L—(
C predicted by DFT-GGA to be only slightly higher than Fe-
Fe, FeAl, and FSi. Although recent surface science studies
(@), Bulk Modulus (B), and Local Magnetic Moments (M) intermetallic surfaces after annealifig;’® our work focused on
under certain conditions for FeAl and4S2. For example, bulk-

PAW-DFT-GGA-PBE  5.61 17534 2.53 1.31 -0.05 terminated FeAl(110) can be obtained by annealing the surface
experiment 565 18P 2224 135 007 at 400°C 4 while bulk-terminated FeAl(100) with Al at the
2 Ref 38.° Ref 39.¢ Ref 37. surface can be obtained by annealing at 827> We therefore

use the Al-terminated FeAl(100) in our work. This surface is
states are almost degenerate and there are still controversiesxpected to have a lower surface energy than the Fe-terminated
regarding the true ground state of FEAB>we choose the NM structure, consistent with the lower surface energy of pure Al
state to model bulk FeAl and surfaces for simplicity. We obtain compared to pure Fe. For £2i(100), in principle the surface
an FeAl equilibrium lattice constant of 2.87 A, which agrees could be terminated with either 100% Fe atoms or 50% Fe and
well with previous all-electron FLAPW-DFT-LDA calculations  50% Si. Because experiment shows that Si tends to segregate
(2.87 A) and experiment (2.91 A), and an FeAl bulk modulus to the surfacé/ we investigate here the 50:50 terminated surface
of 172 GPa, which improves upon the FLAPW-DFT-LDA result of F&sSi(100), as shown in Figure 1. FeAl(110) and$#¥110)
(200 GPa) compared with experiment (152 Gfajlhe each have only one bulk-terminated structure, which are also
improved bulk modulus is no doubt due to the use of the GGA shown in Figure 1.
for exchange and correlation. These results for bulk FeAl suggest With DFT-GGA-PBE, we explored the structural relaxation
that PAW-DFT-GGA should provide a fair description of FeAl  of bulk-terminated FeAl and E8i surfaces. We find that the
surfaces. spacing between the surface Al layer and subsurface Fe layer

Bulk FesSi has a DG-type of structure. It can be visualized ©0f FeAl(100) contracts by 13.7%, in good agreement with
as a (2x 2 x 2) supercell of bcc Fe with four (out of eight) — €xperiment (14.696)° We also find a slight buckling+0.1 A)
body-center Fe atoms replaced by Si. Those four Si atoms formin the surface layers of FeAl(110), £8#(110), and F¢5i(100).

a tetrahedron (Figure 1). We see that there are two types (A 3.2. Adsorption Geometries and EnergeticsHigh-sym-

and B) of Fe atoms in the bulk E®i structure: the A-type is ~ metry adsorption sites on the (110) and (100) alloy surfaces
surrounded by four Fe atoms and four Si atoms in the first are shown in Figures 2 and 3, respectively. From Fe(110) to
coordination shell, while the B-type is surrounded by eight FeAl(110) to FgSi(110), the number of distinct sites increases;
nearest-neighbor Fe atoms. Magnetic susceptibility measure-we identified 11 sites on E8i(110) to explore.

ments show that B&i is FM3” We compare our results for 3.2.1. Adsorption on (110) Surfacdable 2 displays the most
bulk FeSi with experimerit—3° in Table 1 for the lattice  stable sites and the adsorption energies for all adsorbates
parameter, bulk modulus, and local magnetic moments. The considered on all three (110) surfaces. We predict that all open-
agreement is quite good, suggesting that since PAW-DFT-GGA shell species bind strongly (due to covalent bonding), while
describes bulk F£Si well, the surfaces of B8i may also be closed-shell species are less strongly bound (due to weaker
reasonably well-described by this level of theory. donor/acceptor bonding) to these surfaces. We see that the C
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TABLE 3: Most Stable Adsorption Sites and Energies (in
eV; Ead = Eametal—slab — Emetal—slab — EA) of C_1 0,CO,H, S,
HS, and H,S on Fe(100), FeAl(100), and RSi(100}

species properties Fe(100) FeAl(100) 3%i€100)
C site 4-fold 4-fold 4-fold
Ead —-8.2 —6.8 —-6.7
o site 4-fold 2-fold 2-fold
Eaq —-6.4 —6.5 —-6.1
CcO site 4-fold-tilt 1-fold 1-fold-Fe
Figure 3. High-symmetry adsorption sites on Fe(100), FeAl(100), and Ead -2.1 -0.8 -1.2
Fe&sSi(100): 4-fold hollow (H), 2-fold bridge (B), and 1-fold on-top H site 4-fold 1-fold-Al 1-fold-Si
(T) site. For FgSi(100), the on-top sites are divided into two types: Ead —2.7 —2.4 —2.6
1-fold-Fe and 1-fold-Si. S site 4-fold 4-fold 2-fold
Eaq -6.0 —-4.9 —4.5
. . . . HS site 4-fold 2-fold 2-fold
TABLE 2: Most Stable Adsorption Sites and Energies (in (= -36 -33 -29
eV; Eas = Eametal-—siab ~ Ewetai-sian — Ea) of C, O, CO, H, S, H.S site 2-fold 1-fold 1-fold-Fe
HS, and H,S on Fe(110), FeAl(110), and RSi(110} = —05 ~0.2 -05
species properties Fe(110) FeAl(110)  ;%i€110) a Site definitions are given in Figure 3.
C site LB LB-2Fe LB-4Fe
Ead —-7.8 —-8.2 7.7 . . . . .
o site TF TF-2Fe LB-4Fe |ngly, a similar tilted stqte of CO is also found 0(135?{110)
= 6.3 6.5 6.2 (Figure 4b). Here the displacement off the OT site is 0.73 A,
co site oT OT-Fe LB-4Fe the tilt angle is 258, and the CO stretching frequency is 1900
Ead -19 -25 -22 cm~L. Although CO prefers to reside in the LB-4Fe site in an
H site TF TF-2Fe TF-3Fe upright fashion on FSi(110), the tilted state is almost degener-
S Bao I?é'o *Lg-l% 13524F ate with the LB-4Fe site (within 0.02 eV/CO).
E'tde e g g € g € The interaction between 48 and metal surfaces is weakest
HS site LB LB-2Fe LB-4Fe among the adsorbates explored here, becaySelbles not have
(= -35 -38 -36 either unpaired electrons or low-lying emptyorbitals. It can
H2S site SB LB-2Fe LB-4Fe only interact with the surface via its lone pairs inedonor
Ead —-0.6 -12 —0.9 mode. We see that43 also prefers binding to pure Fe sites,

(b)

Figure 4. Tilted states of CO on alloy surfaces: (a) FeAl(110); (b)
Fe&sSi(110); (c) FeAl(100). Fe atoms in dark gray, C in black, and O in
white, and Al and Si atoms in light gray.

and it binds more strongly to FeAl(110) and;B&110) than to
Fe(110). Electron density changes upon adsorption show that
accumulation of electron density between the S atom 48 H
and its two nearest-neighbor Fe atoms increases with the
concentration of alloying elements on (110) surfaces, namely,
going from Fe(110) to F#Si(110) to FeAl(110). The charge
rearrangement in each case involves simply a polarization of
the electrons of k5. This trend of increased polarization as
the alloying element concentration increases correlates well with
the change in adsorption energy. Thus, alloying Fe appears to
increase the extent ef-donation by HS.

3.2.2. Adsorption on (100keAl(100) is terminated with Al,
while FgSi(100) is terminated with half Fe atoms and half Si
atoms, as shown in Figures 1 and 3. The Si atoms at the Fe
Si(100) surface exhibit a near-zere@.07 ug) local magnetic

atom binds strongly with all three surfaces and prefers high- moment, as they do in the bulk, indicating that there are no
coordination sites that maximize the number of Fe atoms. The dangling bonds associated with them. Table 3 displays the most
site preference of S and HS on (110) surfaces is the same asstable sites and their adsorption energies on (100) surfaces. Once
that of C, only the binding is less strong than for C. O also again, the open-shell species (atoms and SH) are much more
binds strongly to (110) surfaces. As on Fe(110), O prefers the strongly bound than the closed-shell molecules, due to the
3-fold (TF) site on FeAl(110), but it prefers the long-bridge- former’'s ability to form strong covalent bonds to the metal
4Fe (LB-4Fe) site on FSi(110). Indeed, the TF-3Fe site on surface. We see that C always prefers a 4-fold site and adsorbs
FesSi(110) is not stable; the O atom relaxes to the LB-4Fe site most strongly on Fe(100). The presence of Si on thgSke
when it is initially put at the TF-3Fe site. The H atom prefers (100) surface destabilizes C byL.5 eV; likewise, C adsorption
the TF site that provides the maximum number of Fe atoms, on the fully Al-terminated FeAl(100) surface i81.4 eV less
and it binds strongly with all three (110) surfaces. strongly bound than on a pure Fe(100) surface. This is to be
CO prefers the on-top (OT) site on Fe(110) in an upright contrasted with O adsorption on the three surfaces, where O
fashion. This is also the case for CO on FeAl(110), where CO binds with nearly equal affinity to all of them. This is likely
strongly adsorbs in a linear fashion on top of an Fe atom, while due to the high affinity of Si or Al for O. Moreover, we see
binding of CO to an Al site on FeAl(110) is2 eV weaker. that O prefers the 2-fold bridge site on FeAl(100) andSte
We also find a tilted state of CO on FeAl(110) thatif.2 eV (100). Since FeAl(100) is terminated with an Al layer, it makes
less stable than the upright OT configuration. We show this sense to compare it with Al(100). Extended appearance-potential
structure in Figure 4a, where we see that the C atom is displacedfine structure analystsshows that O prefers the 4-fold hollow
by ~1.0 A off the OT site along [001], and the molecular axis site and sits slightly below the surface layer of Al(100). Recent
tilts off the surface normal (toward [001] by 35 The CO DFT-embedded cluster calculatiGhsonfirm this site preference
stretching frequency is determined to be 1762 &ninterest- of O atoms on Al(100). The difference between Al(100) and
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orbital-resolved local densities of states (LDOS) shown in Figure
6 also support this picture. H 1s states overlap strongly with Si
3s states around9 eV and 3pz states betweei® and—4 eV

L for H/Fe;Si(100) (Figure 6a). On FeAl(100), H 1s states overlap
* with Al 3s between—7 and—4 eV and 3pz betweenr4 and
“ —1 eV (Figure 6b). The corresponding metaél antibonding

states appear above the Fermi level, a clear signature of covalent

bonding (as in they/o* levels in Hy).

-

u
\\\g\

“ \\\“ \\“‘ CO adsorbs most strongly on Fe(100), preferring a 4-fold
A8 B 8 tilted configuration over the OT site by 0.6 eV at 0.25 ML.
¥ ¥ This site was identified previously by several different surface
LR science techniques. A very low CO stretching frequency (1210
(b) cm™1) was observed by high-resolution electron energy loss

spectroscopy (HREELS). Our work also yields a very low
frequency of 1189 cmt, consistent with experiment. For CO

adsorption on FeAl(100), we also find a tilted state that is
essentially degenerate (within 0.01 eV) with the OT site. At

FeAl(100) for O adsorption is likely due to the fact that the POth sites, CO is weakly bound to the surface. This adsorption
interlayer spacing of Al(100) is much larger (by 0.6 A) than ©Nergy is in line with the experimental observation that CO
that of FeAl(100). As a result, O atoms can burrow more easily Physisorbs on Al(100) at low temperatures and desorbs at room
into the surface layer at the hollow site, in preparation to go temperaturé® The tilted state of CO on FeAl(100) is found to
into the subsurface and to begin to form aluminum oxide. At nave a dramatically lower CO stretching frequency (8539m
the 2-fold site of FgSi(100), O interacts more with Si than Fe, than on Fe(100), and the CO bond is very much elongated (-
as evidenced by bond lengths that are shorter (longer) than the= 1-475 A; O = 61.2; see Figure 4c), suggesting that despite
sum of atomic radii for @Si (O—Fe): ro_si = 1.65 A and |@s V\_/eak adsorption energy, it is highly activated. This surprising
o_re=2.00 A, compared witho + rs; = 1.83 A andro + ree finding can be understppd asa balance between strong |ntr|_nS|c
= 1.93 A53 Oxygen atoms tend to form covalent bonds with gdsorptlon and desta_blllzatlon of the CO molecule by breaklng
Si atoms, as in the bulk SiOwhere an O atom bridges two Si  its 7-bonds®! On FeSi(100), CO prefers to adsorb on Fe with
atoms. As a result, it makes sense that O atoms move to a lowe@n Upright, on-top fashion. Although the adsorption site for CO
coordination 2-fold bridge site on E8i(100), since O atoms  ©n F&Si(100) has not been established experimentally, photo-
prefer to bond more covalently to the Si atoms on the surface. €mission spectra imply that CO is indeed upright onSte

We find that H prefers the 4-fold hollow site on Fe(166), (100)%2 For comparison, we note HREELS and temperature-
in agreement with experimeft.The 2-fold bridge site is also ~ Programmed desorption (TPD) results suggfestthat CO
a minimum for H, but the 1-fold OT site is a higher-order saddle adsorbs on-top of an Si atom in an upright fashion on Si(100),
point54 Unexpectedly, we find that H prefers the 1-fold site on With an adsorption energy 6f0.63 eV predicted by DFT with
FeAl(100) and also the 1-fold Si site of §3#(100). This is in a hybrid exchange-correlation fun<_:t|onal and_a cluste_r mdel.
contrast with Al(100), where H prefers the 2-fold bridge §fte.  In our work, CO adsorbs on the Si atom of;5€100) with an
Figure 5 shows the two structures. It is rare for H to adsorb on €nergy of only—0.4 eV, much weaker than on the Fe atom,
the 1-fold site of a metallic surface with 4-fold symmetfy.  indicating that Si repels CO on §i(100).
This type of bonding indicates that the—Al and H-Si S adsorbs most strongly on Fe(100), followed by FeAl(100),
interactions are likely very covalent in character, resembling, and then FgSi(100). While S prefers the high coordination sites
for example, the SiH bonds on the Si(100) surface, despite on the metallic surfaces [Fe(100) and FeAl(100)], it switches
the lack of dangling bond character on the bargSK&00) to the 2-fold site on F£5i(100), as in the case for oxygen.
surface. The bond lengths for+Al and H—Si are found to be Generally, then, the presence of Si on the Fe surface forces more
1.627 and 1.524 A, respectively, which are similar to gaseous covalent bonding to adsorbates. HS adsorption follows the same
AlH (ry-a = 1.648 A) and SiH (ry-si = 1.480 A)?s lending trend as S in terms of site preference and surface affinity,
credence to the idea that the bonding of H to FeAl(100) and because the adsorption behavior of HS on (100) surfaces is also
Fe;Si(100) involves localized, covalent bonds. Site-projected, dictated by the unpaired electron on S. The binding energies

Figure 5. Most stable adsorption sites for H on (100): (a}%ie(b)
FeAl. Fe atoms in dark gray, H in white, and Al and Si atoms in light
gray.
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Figure 6. Site-projected, orbital-resolved LDOS for (a) the H adatom and the surface Si atom connected to the H atom from Figure 5a; and (b)
the H adatom and the surface Al atoms connected to the H atom from Figure 5b.
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TABLE 4: Dissociation Barriers for CO and H,S on Fe, FeAl, and FeSi

barriers (eV) Fe(110) Fe(100) FeAl(110) FeAl(100) ;5i¢110) FgSi(100)
CO—C+0 15 11 1.3 0.4 24 1.3
H,S—H+ HS 0.1 0.3 0.4 0.3 0.1 0.2
HS—H+S 0. 0.3 0.3 0.7 0. 0.4

between HS and (100) surfaces aré.6 eV less strong than

CO bond on F¢5i(110) is found to be similar to what we

between S atoms and (100) surfaces, due to the fewer numbepredicted for CO dissociation on Fe(1X0)Namely, CO first

of unpaired electrons in HS. Interestingly, HS is bonded linearly
to the Fe(100) surface at the 4-fold hollow site, whereas HS is
bent toward the surface on both FeAl(100) andS+#100) at
the 2-fold bridge site by 6626and 70.0, respectively, indicating

moves off the OT site, then tilts toward the surface, and
dissociates over a bridge site. This pathway is also adopted by
CO dissociation on F8i(100), where CO prefers upright on-
top adsorption on the Fe atom. So CO dissociation oisiFe

once again that alloying the surface enhances covalent bonding(100) is quite different from that on Fe(100) or FeAl(100), where

to adsorbed species.

H,S adsorbs extremely weakly on all three surfaces, with the
weakest interaction between$iand FeAl(100). On both FeAl-
(100) and FgSi(100), the HS molecular plane is almost parallel
to the surface. The difference is that the S atom ¢ Hinds
to Al on FeAl(100) but to Fe on E8i(100). This type of parallel
on-top configuration is also found for,8 on Fe(100), but its
adsorption energy is predicted to b®.1 eV weaker than the
2-fold bridge site, where the molecular plane is oriented
perpendicular to the surfaée.

3.3. Dissociation Pathways and Transition StatesAfter
the preferred adsorption sites for CO;S{ HS, and atomic
species were identified on the surfaces, we then located

a side-on adsorption state leads to a smaller dissociation barrier.
The increase in dissociation barrier (relative to pure Fe) an Fe
Si(100) is smaller{0.2 eV) than for F&Si(110). However, since
Fe;Si(110) has a surface energyl0% less than that of ke
Si(100), FeSi(110) is more likely to be the preferred facet
exposed. So overall E8i is expected to be more resistant to
initial CO attack (i.e., adsorption and dissociation) than is pure
Fe.

3.3.2. BS DissociationThe closest-packed Fe(110) surface
is found to be very efficient in dissociating,8. The first
dehydrogenation step has a small barrier (0.1 eV), and the
second step is barrierle¥sOn Fe(100), the barriers are slightly
higher!® The MEPs show that the-HS bond breaks by bending

minimum energy paths and transition states for CO dissociation the bond toward the surface and breaking off the H atom on
and HS dehydrogenation. Table 4 displays the barriers we top of an Fe atom®17 From Table 4, we see that the barriers
obtained on the six surfaces for the three dissociation processesfor the two dehydrogenation steps orsE€110) are similar to
3.3.1. CO DissociationAfter examining all the structures at  those on Fe(110). The MEPs on those two surfaces are also
the transition state for CO dISSOCIatlon, we find that they share found to be similar. Figure 8 shows the first dehydrogenation

the common feature that CO lies side-on at a brldge Site, Step on F§|(110) HS rotates in its molecular p|ane, bends

presumably due to the need to break thbonds of CO. This
transition-state configuration has been predicted previously for
CO and N dissociation on metal surfac&s%” We predicted
that CO dissociation on Fe(110) has a barrier of 1.53%Mile

one H-S bond toward the surface, and then breaks off one H
atom on a nearby Fe atom. This mechanism is exactly the same
as that on Fe(110Y. The second dehydrogenation step to form

S from SH also involves the same bond-breaking configuration

we determined the barrier on Fe(100) to be 1.1 eV, which agreesfor both pure Fe and E8i(110). If we look at the FSi(110)
very well with experiment (1.09 eVj and previous DFT  syrface, we see that the Fe atoms 0gSH@& 10) form a local
work 6979The lower barrier on Fe(100) can be attributed to the environment that resembles Fe(110). The ensemble size required

highly tilted state of CO on Fe(100), which has a much for reactiod® here seems to be only 4 atoms of Fe. This similar
weakened CO bond already before dissociation. The OT site environment leads to similar barriers and pathways fe® H

preference by CO on Fe(110) then requires more rearrangemengiehydrogenation.
of the CO molecule to reach the TS, leading to a higher barrier.
The barrier for CO dissociation on FeAl is found to be lower
than that for the corresponding pure Fe surface. This is especially
true for FeAl(100). We predict a barrier of only 0.4 eV on FeAl-
(200), which is~0.7 eV lower than on pure Fe(100). Figure 7
shows the minimum energy path (MEP). This dissociation

pathway is the same as that on Fe(100). The lower barrier on 1
FeAl(100) again can be attributed to the much weakened initial ~ 0-41
state, as we discussed above (Figure 4c). In this state, the CC ]
bond length (1.475 A) is even larger than that in gaseous O'Zj
methanol (HC—OH, 1.425 &8), indicating that the €0 bond S 0.0
order in this site is reduced ta1. An interaction between C 2T ]
and the subsurface Fe atom, as well as the high affinity of O to § -0.2-
surface Al atoms, lead to this highly tilted state. This is @ 1
supported by the fact that we also found this tilted state of CO  -0-41
on just a monolayer of Al on Fe(100), and we demonstrated a ]
significant interaction between subsurface Fe and C for this 'D‘Bf
latter, analogous surfaééThe smaller barriers on FeAl surfaces 0.8

indicate that FeAl alloys may be even more susceptible to 2

carburization than is Fe itself. Reaction Coordinate (&)
CO is found to have a higher dissociation barrier 0B3re i 10 7. pPAW-DFT-GGA minimum energy path for CO dissociation
than on the corresponding pure Fe surface. For example, theg Feal(100) and the structures for the initial, transition state, and final

CO dissociation barrier is 2.4 eV on488(110), 0.9 eV higher  states. Fe atoms are in dark gray, Al in light gray, O in white, and C
than on Fe(110). The structure of the MEP for breaking the in black.
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Figure 8. PAW-DFT-GGA minimum energy path for 43 dissociation on R&i(110) and several intermediate structures along the path (the upper
images are side views, and bottom are top views). Fe atoms are in dark gray, Si in light gray, S in black, and H in white.
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Figure 9. PAW-DFT-GGA minimum energy path for43 dissociation on E&8i(100) and several intermediate structures along the path. Fe atoms
are in dark gray, Si in light gray, S in black, and H in white.

The surface of F5i(100) is comprised of half Fe and half Fe atom. Comparing E8i with pure Fe for HS dissociation,
Si atoms, and their lateral sub-lattices interleave. This affects we see that FSi is unfortunately as susceptible as Fe to initial
the H,S dehydrogenation mechanism. Figure 9 shows the MEP H,S attack.

for the first dehydrogenation step. We see tha$ Hdsorbs FeAl(100) is terminated with Al, and FeAl(110) does not have
parallel to the surface and on top of an Fe atom in the initial a local surface environment (reaction ensemble size) similar to
state. Then the ¥ molecule moves toward a nearby Si atom Fe(110). So we expect different pathways faSHlissociation
and points the H atom of one+5 bond to the Si atom atthe  on FeAl surfaces. Figure 10 shows the MEPs for the first
transition state. The H atom then breaks off, moves on top of dehydrogenation step on FeAl(110) and on FeAl(100). Even
the Si atom, and stays there. The HS group moves back, passinghough HS starts with a similar geometry on FeAl(110) as on
on top of the Fe atom and then diffusing to the bridge site. Fe(110) and F£Si(110), the dissociation pathway is distinctly
This pathway is Si-mediated and thus very different from that different. Unlike on Fe(110) or 8i(110), where KS rotates

on Fe(100), even though the barrier is not significantly different. in its molecular plane, instead,8 bends out of the molecular
After the first step, HS adsorbs asymmetrically at the bridge plane toward the surface. However, as on Fe(110) @BiFe
site, resulting in the H atom of the HS group being very close (110), where HS breaks off the first H atom on top of an Fe
to a nearby Fe atom (Figure 9). So it is understandable that theatom, HS also uses an Fe atom instead of Al to dissociate the
second dehydrogenation step is found to be mediated by thatH—S bond on FeAl(110). This is also the case for FeAl(100),
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FeAl(100) (b). Fe atoms are in dark gray, Al in light gray, S in black, and H in white.

where Fe is in the subsurface. In Figure 10b, we see th&t H surface sites for CO adsorption and/or dissociation (i.e., S
bends one of the HS bonds toward a subsurface Fe atom, and poisons the surface). Our prediction of strong bonding between

the H=S bond breaks by transferring the H atom to the

Fe and S {6 eV) is consistent with this idea.

subsurface Fe atom. The second dehydrogenation step on FeAl- CO dissociation on Fe(100) is found to b&.4 eV lower

(200) follows the same pathway as the first one, only with a
barrier that is~0.4 eV higher. This indicates that the HS group

than on the closest-packed Fe(110) surface, indicating that more
open surfaces will lead to smaller barriers for CO dissociation.

may be a stable intermediate on FeAl(100) that could be So we expect that surface defects and steps on actual steel

observed experimentally.
3.4. Discussion of the CO and kS Surface Chemistry on
Fe and Alloy Surfaces.From Table 4, we see that,H is a

more aggressive attacker of iron, as shown by the very small

dissociation barriers of $$ on Fe. Interestingly, the closest-

surfaces will enhance CO dissociation. This agrees with the
observation that after argon ion sputtering, Fe(110) becomes
more efficient in breaking the CO borfél.

The surfaces of the intermetallic compounds FeAl angbFe
provide a way to investigate the effect of alloying on the Fe

packed Fe(110) surface turns out to be more efficient than the surface chemistry of CO and,H. Again, our goal was to

more open Fe(100) surface in the dehydrogenation,8f Bince
the initial deposition of sulfur is kinetically facile, the sulfidation
process is probably controlled by other factors. Sulfidation of
Fe films shows that the kinetics follows a parabolic curve,
indicating the reaction is solid-state diffusion controlled (by Fe
ions)’273Accordingly, the bulk diffusion barrier is much higher
than the HS dissociation barrier. Grabke and co-workers have
observed that a small concentration ofHin a CO/H gas
mixture can retard the metal dusting proc&s®.This is likely

explore if alloying could raise the barriers to molecular
dissociation such that initial attack of steel surfaces could be
inhibited through forming surface alloys. From Table 4, we see
that use of FeAl surfaces increases the dehydrogenation barriers
of H,S up to 0.4 eV. Unfortunately, the CO dissociation barrier

is smaller on FeAl surfaces, especially on FeAl(100) [0.7 eV
lower than on Fe(100)]. On E®i surfaces, the trend is reversed.
The resistance against initial CO attack is increased, but the
small H,S dissociation barriers are basically unchanged @n Fe

to be due to the facile deposition of S atoms that block the Sisurfaces compared with Fe surfaces. Our work indicates that
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Al is not a good choice for an alloying element in terms of

preventing initial CO attack and that8 resistance is difficult

to achieve by alloying. If carburization is the only concern, then g¢c

adding Si to the steel surface could be helpful.

4. Summary and Conclusions
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